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ABSTRACT 


The  S/P  travel  time  ratio  for  intermediate  depth  Hindu-Kush  earthquakes 
and  shallow  earthquakes  in  the  Hindu-Kush,  Pamir,  and  Tien  Shan  regions 
is  investigated,  using  S and  P arrival  times  at  6 World  Wide  Standard 
Seismograph  Network  stations  and  19  other  close-in  stations. 


For  intermediate  depth  earthquakes,  station  mean  values  of  the  ratio 
average  1.78,  ranging  from  1.76  to  1.81.  The  ratio  increases  slowly 
with  increasing  distance  over  the  range  4.S  to  13  degrees  and  increases 
rapidly  with  decreasing  distance  for  distances  less  than  4.5  degrees. 
Variation  of  the  ratio  with  focal  depth  is  weak.J>  The  standard  deviation 
of  S/P  origin  time  deviations  from  origin  times  based  on  locations 
restrained  to  pP  depth  is  about  0.8  second,  implying  a standard  devia- 
tion of  S/P  depth  error,  relative  to  pP  depth,  of  about  8 km.  S/P 
depths  of  8 intermediate  depth  earthquakes,  relocated  with  origin  time 
restrained  to  the  value  determined  from  close-in  P and  S arrival  times 
and  rtgional  mean  S/P  travel  time  ratios,  were  all  within  7 km  of  the 
pP  depths. 


For  shallow  earthquakes,  station  mean  values  of  the  S/P  travel  time 
ratio  average  1.78,  ranging  from  1.75  to  1.83.  For  the  distance  range 
6.5  to  14  degrees,  variation  of  the  ratio  with  distance  is  weak,  and 
for  distances  less  than  6.5  degrees  the  ratio  increases  with  decreasing 
distance.  The  S/P  travel  time  ratio  increases  with  increasing  fo^al— - 
depth,  the  depth  dependence  being  stronger  at  closer  distances. £ The 
standard  deviation  of  S/P  origin  time  deviations  from  pP  origin  time  is 
about  1.2  second  for  shallow  earthquakes,  implying  a standard  deviation 
of  S/P  depth  error,  relative  to  pP  depth,  of  about  9 km.  S/P  depths  for 
12  of  15  shallow  earthquakes  relocated  with  origin  time  restrained  to 
the  value  determined  from  S and  P arrival  times  and  regional  mean  S/P 
travel  time  ratios  were  within  9 km  of  the  pP  depths. 


ACCESS  ID*  f0'_ 

mis 

DOC 

tiN/mamr) 

JWTIHCATIOIt 


WMe  Section  jp/J 
P»lf  Suction  Q 
□ 


ir 


DISTWIUTION  'AYAIU8U.I1Y  CDnES 
Jjjt.  AMU.  MJ  'jf  Sp  o'AL 


R 74-16 


...  


TECHNICAL  REPORT  NO 


74-16 


S/P  TRAVEL  TIME  RATIO  IN  CENTRAL  ASIA 
by 


Jack  G.  Swanson 


Sponsored  by 

Advanced  Research  Projects  Agency 
ARPA  Order  No.  1827 


Program  Code  Number 
Contract  Number 
Effective  Date  of  Contract 
Expiration  Date  of  Contract 
Amount  of  Contract 
Principal  Investigator 
and  Program  Manager 


F10 

F44620-74-C-0021 
01  October  1973 
30  June  1974 
$27,249. 

E.  J.  Douze, 
214-271-2561,  Ext.  380 


TELEDYNE  INDUSTRIES,  INC. 
GEOTECH  DIVISION 
3401  Shiloh  Road 
Garland,  Texas  75041 


November  1974 


REPORT  SUMMARY 


Estimation  of  focal  depths  for  earthquakes  occurring  in  the  Hindu-Kush, 
Pamir,  Tien  Shan  region  of  central  Asia  has  been  studied  through  develop- 
ment of  refined  S/P  travel  time  ratios  from  Wadati  graph  analysis  of  data 
for  nearby  stations.  A mean  of  1.78  was  determined  for  the  ratio;  however, 
the  value  of  the  ratio  varies  systematically  with  epicentral  distance  and 
focal  depth,  ranging  from  1.75  to  1.83.  Relative  to  depths  based  on  the 
pp  phase,  the  standard  deviation  of  depths  estimated  from  S/P  ratios  is 
9 km  for  shallow  earthquakes  and  7 km  for  intermediate  depth  earthquakes. 
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S/P  travel  time  RATIO  IN  CENTRAL  ASIA 


1.  INTRODUCTION 


This  report  constitutes  the  annual  report  on  woik  accomplished  from 
01  October  1973  through  30  June  1974,  on  the  investigation  of  the  use 
of  close-in  P and  S arrivals  to  determine  focal  depth  of  seismic  events 
in  central  Asia.  An  empirical  calibration  of  the  S/P  travel  time  ratio 
for  intermediate  depth  earthquakes  in  the  Hindu-Kush  source  and  shallow 
earthquakes  in  the  Hindu-Kush,  Pamir,  and  Tien-Shan  regions  observed  at 
stations  within  14  degrees  of  the  source  is  presented.  The  report 
includes  an  evaluation  of  the  importance  of  depth  and  distance  depend 
ence  of  the  S/P  travel  time  ratio. 


In  section  2,  the  basic  background  of  the  methods  used  is  briefly  discussed. 
The  use  of  the  ratio  of  S to  P travel  times  to  determine  origin  time  and 
depth  of  focus,  together  with  the  calibration  of  close-in  stations,  is 
presented.  The  use  of  Wadati  graphs  (Wadati,  1933,  Kisslinger  and  Engdahl, 
1973)  to  determine  variations  in  the  ratio  of  P to  S velocity  with  dep,.  i 
and  distance  is  also  described.  The  data  used  in  the  study  are  described 
in  section  3.  In  section  4,  the  calibration  of  close-in  stations  for  he 
S/P  travel  time  ratio  is  described  and  in  section  5,  the  distance  and 
depth  dependence  of  the  S/P  travel  time  ratio  is  discussed.  Results  of 
applying  the  technique  to  locate  an  independent  set  of  earthquakes  are 
described  in  section  6. 
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BACKGROUND 


The  modified  Geiger  method  (Macelwane  and  Sohon,  1932)  commonly  used  to 
locate  earthquakes  yields  more  accurate  focal  depths  if  origin  times  are 
known  independently  of  the  P arrival  times  used  to  make  the  location 
(Evernden,  1./69,  Swanson,  1969,  1971,  Kisslinger  and  Engdahl,  1973).  An 
origin  time  [rl(S/P)J  can  be  computed  from  S and  P arrival  times  at  a 
single  station  if  the  ratio  of  S to  P travel  times  is  known  for  the  path 
from  hypocenter  to  station. 


T(S/P)  = P 
where  r 
x 

s 

i 

P 

S 

P 

T(S/P) 


(S-P)/r  Cl) 

(t  /t  ) -1 

s p 

S travel  time 
P travel  time 
S arrival  time 
P arrival  time 

origin  time  estimated  by  the  S/P  technique 


Depth  is  then  estimated  by  a routine  location  procedure  with  origin  time 
restrained  to  T(S/P). 

To  calibrate  a station  for  a region,  the  travel  time  ratio  is  determined 
for  a set  of  events  whose  origin  times  are  known  to  high  accuracy.  For 
earthquakes,  the  origin  time  from  a location  with  depth  restrained  to 
the  value  determined  from  pP-P  intervals  and/or  other  depth  phase  informa- 
tion is  normally  used.  Then  r may  be  obtained  from: 

r = (S-P) / [P-T (pP) ] (2) 

where  T(pP)  = origin  time  from  location  with  depth 
restrained  to  pP  depth 

An  estimate  of  the  error  in  depth  which  results  from  an  error  in  the 
estimate  of  the  origin  time  may  be  made  by  means  of  hypocenter  control 
factors  (Veith  and  Van  Leer,  1970).  The  depth  control  factor  for  a given 
station  is  defined  as  the  change  in  depth  estimate  resulting  from  a one 
second  residual  at  the  station.  For  the  ideal  case  of  a symmetrical  net, 
so  there  is  no  interaction  between  epicenter  and  depth  estimates,  the 
depth  control  factor  for  station  i is  given  by 

(9t/3h). 

(depth  control  factor) . = j 

1 Z(3t/3h).^ 
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The  change  in  depth  (dh)  is  given  by 

Z (3t/3h) .u. 
i 

dh  = Z(3t/3h).2 

i 

where  u.  e travel  time  residual  at 
station  i 


If  origin  time  is  restrained  to  an  erroneous  value  (T'  = T + 6T) , then 


Z(3t/3h).  (ur6T) 

dh  ' = ^ 

Z(3t/3h)/ 

i 

or 

Z(3t/3h). 

dh'  = dh  + x-  (-6T) 

I(3t/3h) . 


Therefore,  the  error  in  depth  (5h)  resulting  from  an  error  in  origin  time 
(6T)  is  given  by 

Z(3t/3h). 

£h  = x-  (-6T) 

Z(3t/3h).^ 


As  a rule  of  thumb,  for  a good  network  of  stations  (Swanson,  1969): 


6h 


- 6T 
(fit/ 3h) 

A ,h 


(3) 


where  A = mean  distance  of  locating  net. 


An  estimate  of  the  error  in  origin  time  due  to  an  error  in  r may  be  obtained 
from  a simple  differentiation  of  equation  1.  It  is 

6T  = ~~  5r  (4) 

r 
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where  6T  = origin  time  error 
6r  = error  in  r 


For  typical  values  of  r (about  0.78),  a 1 second  origin  time  error  will 
arise  from  a 3 percent  error  in  r for  a station  near  a distance  of  2 
degrees  (S-P  ' 25  seconds) . If  the  station  distance  is  about  9 degrees 
(S-P  ' 100  seconds),  a 1 second  error  will  arise  from  an  error  of  only 
0.8  percent  in  r.  Thus,  the  required  accuracy  in  r for  a specified 
origin  time  accuracy  increases  rapidly  with  increasing  distance.  This 
analysis  assumes  that  the  S-P  interval  is  known  without  error.  In 
practice,  the  arrival  time  of  the  S phase  may  be  quite  uncertain  either 
because  of  difficulty  in  timing  the  start  of  the  phase  or  because  of 
misidentification  of  the  phase. 

Because  the  S/P  velocity  ratios  may  vary  from  layer  to  layer  within  the 
crust  and  vary  in  general  in  the  mantle,  the  observed  S/P  travel  time 
ratios  must  also  vary  in  accordance  with  the  velocity  structures  traversed 
by  the  ray  paths.  It  is  expected,  therefore,  that  the  S/P  travel  time 
ratios  will  vary  with  epicentral  distance  and  focal  depth.  If  S and  P 
arrival  times  are  available  at  several  close-in  stations,  Kadati  graph 
analysis  (Kisslinger  and  Engdahl,  1973,  Kadati,  1933),  where  S-P  time  is 
plotted  as  a function  of  P travel  time,  may  be  used  to  determine  the 
variation  of  S/P  with  depth  and  an  estimate  of  the  effect  on  r can  be 
determined . 

Considering  Kadati  graphs  for  shallow  earthquakes,  if  the  structure  of 
the  region  can  be  approximated  by  a horizontal  layering  with  constant 
P and  S velocities  in  each  layer,  the  Kadati  graph  slope  (p)  should  be 
constant  for  each  layer.  The  P travel  time  intercept  (t)  should  be  a 
piecewise  linear  function  of  focal  depth  with  the  parameters  of  the 
function  T(h)  depending  on  the  layer  in  which  the  earthquake  focus  lies. 

The  intercept,  x,  will  be  zero  only  if  the  ratio  of  P to  S velocity  is 
constant  along  the  path  from  hypocenter  to  station  (Kisslinger  and  Engdahl, 
1973).  Regional  variation  of  crustal  and  upper  mantle  velocities  or 
variation  of  crustal  thickness  will,  of  course,  complicate  the  analysis 
and  reduce  the  reliability  of  results. 

For  each  segment  of  the  Kadati  graph, 


S-T  = a + A 
os  — 
V 

s 


(5) 


P-T  = 
o 


a 

P 


+ A_ 

v 

P 
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where  Tq  e origin  time 

and  a^  E S and  P travel  time  curve  intercepts,  respectively 
A 5 distance,  and 


v^  and  Vp  e respective  P and  S velocities  at  the  ray  bottom. 

Then 


or 


S-P  = [a 
1 s 

where  p e v /v 
P s 


- a (p  ♦ 1)]  ♦ p (P-Tq) 

- 1,  the  Wadati  graph  slope 


S-P  = p [P  - (Tq  ♦ t)] 


where  t 


= - 1_  [a  - a (p  1)], 

p P 


the  P-Tq  intercept. 


(6) 


For  intermediate  depth  earthquakes,  P and  S travel  times  are  approximately 
linear  at  distances  near  the  inflection  point  of  the  travel  time  curves. 
Kaila  (1969)  and  Kaila,  Krishna,  and  Narain  (1969)  estimated  P and  S 
velocities  as  a function  of  focal  depth  for  earthquakes  in  the  Hindu-Kush 
intermediate  depth  source,  using  time-distance  plots  for  distances  near 
the  inflection  point.  Because  the  ray  parameter  changes  very  slowly  over 
this  range  of  distance,  the  ray  parameter  may  be  estimated  from  the  slope 
of  the  travel  time  curve  in  this  region.  From  Bullen  (1963,  p.  109), 


P 


R sin  i 
v 


(7) 


where  p = ray  parameter  and  the  slope  of  the  travel  time  curve 

R = distance  from  the  center  of  the  earth  to  any  point  on  a 
ray  path 

i e the  angle  of  incidence  of  the  ray  path  at  that  point,  and 
v e either  P or  S velocity 


The  ray  which  arrives  at  the  inflection  point  leaves  the  source  horizontally 
so  that  sin  i = 1.  If  the  depth  is  known  from  depth  phases,  the  S and  P 
velocities  may  be  determined  for  the  source  depth.  Noting  that  near  the 
inflection  point,  the  slope  of  the  travel  time  curves  is  given  by  (7) 
instead  of  1/v,  equations  5 become 


S-T  = a + p A 
o s rs 


P-T 

o 


a 


P 


+ 
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so  that 


For  either  shallow  or  intermediate  earthquakes , the  S/P  travel  time  ratio 
(r)  may  be  determined  from  equations  2 and  6. 


r = p [1  - t/(P-To)]  (8) 

This  equation  describes  the  change  in  r to  be  expected  as  a function  of 
P-T  and  hence,  distance.  Because  both  t and  p are  functions  of  focal 
dep?h , r can  also  be  expected  to  vary  with  depth.  Thus,  the  accuracy  of 
origin  times  and  resultant  focal  depths  estimated  by  the  S/P  travel  time 
technique  will  be  limited  by  the  sensitivity  of  p and  t to  changes  in 
focal  depth. 
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3. 


DATA 


P and  S arrival  times  from  82  shallow  (focal  depth  less  than  50  km)  and 
41  intermediate  depth  (focal  depth  85  - 290  km)  earthquakes  in  the  Hindu- 
Kush,  Pamir,  and  Tien  Shan  regions  recorded  at  6 World  Wide  Standard 
Seismograph  Network  (WWSSN)  stations  and  21  other  close-in  stations  were 
used  as  calibration  data  in  this  study.  The  calibration  earthquakes 
occurred  between  1964  and  1971.  All  had  body  wave  magnitudes  of  4.4  or 
greater  and  had  previously  been  relocated  with  preliminary  source-region/ 
station  time  (SRST)  corrections  (Veith,  1973)  with  focal  depth  restrained 
to  the  value  determined  from  pP-P  intervals.  These  locations  are 
considered  to  be  the  most  reliable  locations  available  for  the  calibration 
earthquakes.  An  additional  15  shallow  and  8 intermediate  depth  earthquakes 
that  occurred  between  1968  and  1972  were  used  to  test  the  accuracy  of 
depths  computed  using  the  S/P  travel  time  ratio.  Locations  of  the  calibra- 
tion earthquakes  and  the  test  earthquakes  are  shown  in  figure  1,  together 
with  station  locations  that  fall  within  the  boundaries  of  the  map. 
Boundaries  of  subareas  defined  for  use  in  the  analysis  are  also  shown  on 
figure  1.  Table  1 lists  the  dates,  origin  times,  and  locations  of  the 
calibration  earthquakes,  ordered  by  subarea  and  by  increasing  focal  depth 
within  each  subarea.  Table  2 gives  station  codes,  locations,  and  eleva- 
tions of  stations  whose  data  were  used  in  the  study.  In  this  table,  WWSSN 
stations  are  indicated  with  an  asterisk. 

P and  S arrival  times  at  the  0 WWSSN  stations  were  reviewed  from  film 
reproductions  of  their  seismograms.  Both  P and  S times  were  read  from 
short-period  seismograms  whenever  possible.  In  many  cases,  it  was 
necessary  to  read  the  S arrival  time  from  the  long-period  seismograms. 

Times  were  read  to  the  nearest  0.1  second  from  the  short -period  seismograms 
and  to  the  nearest  0.5  second  from  the  long-period  seismograms.  P and  S 
arrival  times  at  the  other  close-in  stations  were  taken  from  the  bulletin 
of  the  International  Seismologica!  Centre  (ISC)  and  the  tri-monthly 
bulletin  of  the  Moscow  Academy  of  Sciences.  In  cases  where  times  from 
the  two  bulletins  disagreed  for  Russian  stations,  the  arrival  times  were 
taken  from  the  Moscow  bulletin. 
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Table  1.  Calibration  Earthquakes 


SUBAREA  DATE  ORIGIN  TIME 

VR  MO  DA  HR: MIN: SEC 


66 

12 

22 

12:29:59.8 

68 

07 

08 

13: 14:33.7 

71 

11 

18 

07:31:36.1 

71 

05 

27 

00:30:26.0 

69 

01 

21 

14:37:13.4 

69 

09 

20 

14:07:55.4 

71 

10 

01 

16:27:47.3 

66 

08 

10 

22:05:39.4 

66 

04 

11 

16:42:53.1 

71 

01 

13 

21:52:31.0 

66 

04 

14 

21:06:17.6 

67 

01 

14 

10:59:25.7 

67 

09 

08 

05:23:43.4 

69 

03 

22 

04:52:37.6 

64 

10 

25 

22:56:09.4 

64 

10 

24 

06:51:00.7 

70 

10 

09 

13:48:52.1 

69 

03 

27 

19:37:45.3 

69 

03 

27 

11:19:30.2 

67 

05 

11 

14:50:59.8 

66 

01 

28 

08:52:04.2 

69 

08 

28 

03:58:36.8 

71 

07 

24 

11:43:38.7 

67 

01 

05 

10:08:01.3 

67 

05 

20 

08:47:20.4 

69 

09 

28 

18:53:26.5 

64 

02 

13 

13:53:20.4 

70 

02 

08 

10:12:43.2 

67 

05 

12 

05:21:11.1 

69 

09 

16 

21:19:28.6 

67 

10 

13 

03:24:47.1 

70 

03 

29 

03:48:49.3 

67 

02 

02 

07:37:57.8 

69 

09 

14 

14:46:24.0 

69 

09 

27 

16:56:25.8 

70 

07 

29 

05:50:57.9 

69 

07 

20 

04:34:14.4 

70 

06 

12 

16:00:01.0 

71 

07 

26 

01:48:33.2 

71 

07 

27 

12:48:33.3 

67 

05 

27 

01:42:48.2 

66 

05 

12 

11:42:47.3 

68 

09 

12 

15:36:54.2 

65 

03 

21 

15:09:17.2 

64 

06 

27 

02:28:58.7 

71 

06 

19 

17:23:01.1 

69 

02 

11 

22:08:53.0 

71 

06 

15 

07:39:36.1 

71 

06 

15 

22:04:11.9 

70 

10 

17 

05:33:15.4 

NORTH 

LATITUDE 

DEGREES 


37.93 
38.18 

38.37 
38.22 

38.40 

38.50 

38.67 

38.45 

38.94 
38.98 

38.91 
39.15 

38.45 

38.93 
38.64 

38.67 

39.13 
39.15 
39.09 

39.38 
39.37 

39.13 

39.53 
39.33 
39.32 

39.51 
39 . 49 

39.74 

39.41 

39.72 
39.61 

39.67 
39.77 
39.71 

38.80 

39.93 

39.93 
40.88 

39.95 

39.82 
40.08 

40.13 
39.87 

40.54 

40.45 

41.46 

41.42 

41.38 
41.41 
41.59 


EAST 

LONGITUDE 

DEGREES 


66. 11 

67.47 

66.72 

69.02 

69.58 
69.63 

69.79 

69.58 

70.59 
71.00 

70.58 
70.84 

70.42 

70.56 

70.75 

70.76 

71.51 

71.82 

71.80 

73.73 

73.02 
73.61 

73.14 
72.75 

72.81 

73.48 

72.91 

73.56 

73.68 

74.92 

74.42 

75.27 

75.28 
74.87 
75.08 

77.77 

77.83 

78.26 
77.20 

77.39 

77.27 
78.12 
77.70 

78.43 
77.42 
79.26 
79.36 
79.30 

79.29 
79.34 


htpPj 


km 

% 

10 

4.7 

30 

5.1 

35 

5.2 

7 

4.8 

7 

4.8 

8 

5.  1 

10 

4.9 

14 

5.2 

3 

4.7 

10 

4.8 

14 

5.1 

14 

4.5 

15 

4.2 

23 

5.2 

24 

4.8 

25 

5.2 

19 

5.0 

19 

5.0 

20 

4.9 

8 

6.0 

11 

5.1 

11 

5.2 

12 

5.5 

13 

5.1 

14 

4.7 

14 

4.9 

24 

5.3 

28 

4.9 

30 

5.0 

14 

4.8 

16 

4.5 

23 

4.9 

32 

5.5 

35 

5.1 

8 

4.9 

4 

5.3 

5 

4.9 

5 

4.8 

8 

5.8 

9 

4.9 

13 

5.0 

14 

4.5 

21 

4.9 

25 

4.9 

26 

5.1 

4 

5.2 

5 

5.8 

8 

5.6 

8 

5.6 

10 

4.8 
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Table  1.  Calibration  Earthquakes  (cont'd.) 


SUBARLA  DATE 

VR  MO  DA 


ORIGIN  TIME  NORTH  EAST 

HR:MIN:SEC  LATITUDE  LONGITUDE 

DEGREES  DEGREES 


h(pP) 

km 


69 

02 

12 

00:22:36.5 

41.46 

79 . 36 

10 

4.9 

71 

03 

23 

20:47:16.3 

41.40 

79.31 

11 

6.0 

71 

03 

24 

21:01:55.7 

41.39 

79.30 

11 

5.3 

71 

06 

15 

23:17:32.9 

41.48 

79.23 

11 

4.9 

71 

06 

16 

10:56:38.9 

41.47 

79.24 

11 

5.0 

71 

06 

16 

13:46:51.2 

41.47 

79.23 

11 

5.1 

71 

03 

24 

20:54:30.4 

41.39 

79.28 

12 

5.3 

65 

05 

04 

08:34:45.0 

41.75 

79.27 

19 

5.4 

10 

70 

11 

29 

02:03:38.4 

41.77 

81.69 

13 

4.8 

67 

04 

27 

23:15:21.8 

41.96 

81.96 

13 

5.0 

11 

68 

09 

15 

14:16:56.0 

37.14 

72.56 

14 

4.8 

67 

04 

24 

08:51:11.6 

37.41 

72.63 

15 

5.2 

12 

68 

10 

19 

07:01:30.9 

37.51 

73.26 

6 

5.1 

65 

02 

02 

15:56:50.5 

37.51 

73.20 

6 

5.3 

68 

10 

30 

04:07:23.2 

37.46 

73.21 

10 

5.1 

65 

04 

10 

14:11:21.9 

37 . 59 

73.16 

10 

4.9 

68 

10 

19 

02:33:26.4 

37.48 

73.17 

12 

5.0 

13 

68 

03 

14 

02:08:36.5 

42.38 

66.37 

13 

5.3 

68 

03 

13 

22:38:38.4 

42.36 

66.38 

13 

5.1 

14 

65 

03 

17 

13:14:18.2 

40.84 

69.28 

13 

5.0 

66 

04 

25 

23:22:52.9 

41.35 

69.22 

13 

4.9 

65 

07 

26 

00:38:36.2 

41.81 

69.82 

17 

4.7 

15 

66 

04 

30 

13:41:10.4 

41.02 

72.02 

7 

5.0 

70 

12 

30 

09:35:26.6 

40.28 

72.68 

15 

4.8 

69 

12 

09 

13:41:08.9 

40.05 

70.45 

18 

4.8 

16 

71 

10 

28 

13:30:58.3 

41.89 

72.32 

11 

5.4 

71 

05 

10 

14:51:47.2 

42.79 

71.33 

16 

5.6 

17 

66 

07 

16 

19:43:26.7 

40.86 

74.12 

7 

4.7 

65 

09 

25 

15:47:58.4 

41.44 

75.00 

12 

5.2 

18 

70 

06 

05 

04:53:06.9 

42.48 

78.74 

7 

5.9 

65 

10 

18 

10:21:48.0 

41.97 

77.50 

15 

5.1 

67 

09 

28 

02:53:51.5 

42.15 

79.51 

32 

5.5 

19 

71 

10 

14 

21:55:55.2 

36.51 

71.26 

86 

5.0 

67 

12 

17 

00:25: 19.2 

36.52 

71 .41 

97 

5.6 

64 

12 

24 

01:08:38.9 

36.32 

70.94 

140 

5.2 

70 

01 

08 

21:19:14.4 

36.35 

70.91 

146 

4.9 

71 

06 

22 

06:30:03.3 

36.29 

69.87 

167 

5.0 

70 

06 

11 

17:40:53.9 

36.47 

70.99 

195 

5.1 

70 

11 

29 

08:53:25.1 

36.58 

71.36 

200 

4.8 

69 

09 

12 

05:08:04.3 

36.42 

70.91 

201 

4.9 

70 

12 

26 

07:58:44.4 

36.46 

70.89 

204 

4.4 

66 

08 

16 

02:16:22.9 

36.42 

70.79 

208 

5.5 

71 

08 

04 

01:59:06.3 

36.44 

70.73 

214 

4.9 

71 

08 

04 

00:24:39.9 

36.42 

70.73 

215 

5.6 

70 

07 

21 

01:18:08.0 

36.46 

70.36 

215 

5.1 

66 

03 

31 

23:38:04.3 

36.40 

70.71 

216 

5.4 

64 

11 

16 

04:47:29.9 

36.44 

70.54 

222 

5.1 

67 

05 

08 

18:48:08.0 

36.47 

70.13 

223 

4.8 

66 

06 

06 

07:46: 18.6 

36.39 

71.11 

225 

6.2 

65 

03 

14 

15:53:09.7 

36.38 

70.70 

225 

6.4 
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Table  1.  Calibration  Earthquakes  (contM.! 


DATE 

YR  MO  DA 


ORIGIN  TIME  NORTH 
HR: MIN: SEC  LATITUDE 
DEGREES 


EAST 

LONGITUDE 

DEGREES 


19 


20 


70 

01 

26 

16:38:34.1 

36.46 

70.50 

228 

4.6 

66 

06 

04 

05:11:58.6 

36.35 

70.69 

228 

5.4 

65 

09 

14 

18:57:30.7 

36.50 

70.14 

228 

4.6 

70 

09 

14 

16- .1:19.3 

36.45 

70.15 

229 

4.8 

69 

09 

04 

02:57-22.1 

36.51 

70.85 

231 

4.7 

69 

10 

28 

18:45:13.5 

36.51 

70.86 

234 

5.0 

65 

10 

06 

15:35:09.5 

36.49 

70.11 

235 

5.0 

65 

07 

24 

17:57:44.8 

36.44 

71.15 

238 

4.7 

65 

11 

16 

01:03:58.9 

36.38 

71.09 

252 

5. 1 

70 

09 

04 

13:12:03.7 

36.64 

70.17 

280 

4.7 

67 

01 

25 

01:50:22.2 

36.63 

71.57 

289 

5.7 

70 

09 

05 

19:26:27.3 

37.13 

71.42 

100 

5.0 

67 

08 

12 

22:54:39.4 

37.11 

71.33 

101 

5.1 

70 

11 

13 

17:30:08.9 

37.00 

71.54 

116 

5.1 

65 

04 

10 

21:21:29.4 

37.44 

71.80 

124 

4.9 

67 

11 

07 

19:57:28.6 

37.12 

71.77 

128 

5.0 

68 

05 

08 

22:45:10.9 

37.17 

71.91 

161 

4.9 

71 

10 

15 

16:22:15.3 

36.99 

71.89 

165 

4.9 

64 

06 

06 

08:05:59.8 

37.13 

71.92 

171 

4.8 

68 

09 

27 

10:37:58.9 

37.88 

72.26 

124 

5.3 

64 

03 

23 

13:40:31.1 

38.25 

73.61 

150 

5.2 

71 

03 

18 

19:12:46.4 

38.22 

73.64 

153 

4.9 

64 

03 

16 

03:28:17.0 

37.95 

72.81 

161 

5.0 

Table  2.  Station  Locations 


STATION 

Code 

NORTH 
LATITUDE 
DEG  MIN  SEC 

EAST 

LONGITUDE 
DEG  MIN  SEC 

ELEVATION 

METERS 

Alma-Ata,  Kazakh  SSR 

AAA 

43 

16 

18.0 

76 

56 

48.0 

800 

Talgar,  Kazakh  SSR 

AAB 

43 

16 

00.0 

77 

23 

00.0 

850 

Andizhan,  Uzbek  SSR 

ANR 

40 

45 

18.0 

72 

21 

36 . 0 

494 

Ashkhabad,  Turkmen  SSR 

ash 

37 

57 

00.0 

58 

21 

00.0 

220 

Debra  Dun,  India 

DDI 

30 

19 

00.0 

78 

02 

00.0 

682 

Dushambe,  Tadzhik  SSR 

DS11 

38 

33 

30.0 

68 

46 

30.0 

817 

Fergana,  Uzbek  SSR 

FRG 

40 

23 

00.0 

71 

47 

00.0 

600 

Frunze,  Kirgiz  SSR 

FRU 

42 

50 

00.0 

74 

37 

00.0 

655 

Garm,  Tadzhik  SSR 

GAR 

39 

00 

00.0 

70 

19 

00.0 

1300 

Karachi,  Pakistan 

KAR 

24 

56 

00.0 

67 

08 

36.0 

34 

Kizyl-Arvat,  Turkmen  SSR 

KAT 

39 

12 

00.0 

56 

16 

00.0 

90 

Kabul,  Afghanistan 

KBL* 

34 

32 

27.0 

69 

02 

35 . 4 

1920 

Khorog,  Tadzhik  SSR 

KUO 

37 

29 

00.0 

71 

32 

00.0 

1 850 

Kulyab,  Tadzhik  SSR 

KUL 

37 

54 

00.0 

69 

45 

00.0 

605 

Lahore,  Pakistan 

LA1I* 

31 

33 

00.0 

74 

20 

00.0 

210 

Mangla,  Pakistan 

MNL 

33 

08 

50.0 

73 

45 

00.0 

436 

Meshed,  Iran 

MSI!* 

36 

18 

40.0 

59 

35 

16.0 

987 

Murgab,  Tadzhik  SSR 

MUR 

38 

22 

00.0 

73 

56 

00.0 

3800 

New  Delhi,  India 

NDI* 

28 

41 

00.0 

77 

13 

00.0 

207 

Nilore,  Pakistan 

NIL* 

33 

39 

00.0 

73 

1 5 

06.0 

5 36 

Naryn,  Kirgiz  SSR 

NRN 

41 

26 

00.0 

76 

00 

00.0 

2849 

Przhevalsk,  Kirgiz  SSR 

PRZ 

42 

29 

00.0 

78 

24 

00.0 

1599 

Quetta,  Pakistan 

QUE* 

30 

11 

18.0 

66 

57 

00.0 

1721 

Samarkand,  Uzbek  SSR 

SAM 

39 

40 

24.0 

66 

59 

24.0 

704 

Semipalatinsk , Kazakh  SSR 

SEM 

50 

24 

00.0 

80 

15 

00.0 

209 

Tashkent,  Tadzhik  SSR 

TAS 

41 

19 

30.0 

69 

17 

42.0 

470 

Warsak,  Pakistan 

WRS 

34 

09 

00.0 

71 

25 

00.0 

343 

*WWSSN  station 
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a. 


4. 


CAL I RRATION  OF  CLOSE-IN  STATIONS 


P„r  each  calibration  e rt,  , che  S/J - travel - 

”“eeqUConroured°vra!ues  "or^e  Ss«  stations  whose  data  were  reviewed 
a- e shown  in  figures  2 tlirough  7 for  the  shallow  calibration  earthquakes. 

Data  for  the  unreviewed  stations  were  too  erratic  to  contour  smoothly. 
Therefore  t o^id  in  investigating  regional  variation  of  the  travel  time 
ratio  the  area  of  shallow  earthquakes  was  divided  into  18  subareas  and  the 
area  of  intermediate  depth  earthquakes  was  divided  into  3 subareas  for 
further  analysis.  The  subareas  are  outlined  on  figures  1-7.  Lach  station  . 
mean  r and  of  observations  for  each  subarea  are  listed  rn  table  3. 

Tn  pxamine  the  consistency  of  the  calibration,  origin  time  deviations  from 
the'pP  values  were  computed  for  each  calibration  earthquake  for  each  station 
which  had  two  or  more  observations  in  the  appropriate  subarea. 


<5Tij  = [P-T(pP) ] i j - Cs-P)ij/rik 

where  6T. . 5 origin  time  deviation  for 
1-)  station  i and  event  j 

t.  i mean  r for  station  i and 
lk  subarea  k 


Event  (Ej)  and  station  (Si)  mean  origin  time  deviations  were  computed  by 
taking  tne  appropriate  mean  of  equation  (9). 


(10) 


S. 

l 


where  I ^ 
J. 

l 


where 


number  of  stations  with  an  origin  time 
estimate  for  event  j 


(ID 


number  of  events  for  which  station  i has 
an  origin  time  estimate 


Values  of  S.  and  the  standard  deviation  of  origin 
for  each  station  are  given  in  table  4,  separately, 
mediate  depth  calibration  earthquakes. 


time  deviations  about  S 
for  shallow  and  inter- 


The  standard  deviations  are  plotted  as  a function  of  the  mean  station 
distance  in  figure  8.  While  the  data  are  scattered,  there  is  a definite 
trend  of  increasing  standard  deviation  with  distance.  This  trend  reflect, 
the  lack  of  increasing  accuracy  in  the  S/P  travel  time  ratio  with  distance 
as  expressed  in  equation  4.  The  maximum  accuracy  in  the  ratio  is  apparently 
reached  near  6-8  degrees.  Beyond  this  distance,  the  standard  deviation  of 
the  origin  time  estimates  increases  in  proportion  to  increasing  S-P  ti  . 

It  reflects  an  average  maximum  accuracy  of  the  S/P  travel  time  ratio  of 
1 5 percent.  The  reviewed  data  from  the  WWSSN  stations  are  much  more 
consistent  than  the  bulletin  data  But  even  these  data  show  an  increasing 
trend  with  distance.  They  reflect  -n  average  maximum  accuracy  in  the  S/P 
travel  time  ratio  of  0.9  percent.  These  results  strongly  suggest  that 
T(S/P)  estimates  should  be  obtained  from  weighted  data  which  will  adjust 
for  the  differences  in  the  accuracy  of  the  origin  time  estimates  from  ie 
individual  stations. 

Table  5 gives  the  mean  and  standard  deviation  of  Ej  for  shallow  and 
intermediate  depth  calibration  earthquakes.  The  statistics  on  Ej  are  given 
for  two  cases:  first  using  only  events  having  origin  time  estimates  from 

5 or  “ore  station,,  and  second,  using  only  reviewed  data  and  requirrng  hat 
each  event  have  origin  time  estimates  from  2 or  more  stations.  The  relia 
bility  of  depth  estimates  to  expect  when  locating  earthquakes  in  this  region 
with  origin  time  restrained  to  the  value  determined  from  close-in  S and  P 
arrival1 times1 and  the  subarea  S/P  travel  time  ratios  may  be  estimated  from 
the  standard  deviation  of  origin  time  errors  (deviations  from  the  pP  value  ) 
in  table  5,  by  means  of  the  approximate  relation  (3).  Assuming  a depth 
derivative  at  the  mean  distance  (A=50°)  of  the  locating  network  of  about 
0 14  sec/km  for  shallow  earthquakes  and  about  -0.10  sec/km  for  intermediate 
depth  earthquakes,  the  standard  deviation  of  depth  error  (deviation  from 
the  pP  depth)  would  be  about  9 km  for  shallow  earthquakes  and  about 
for  intermediate  depth  earthquakes. 
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Table  3.  Station  subarea  mean  S/P  travel  time  ratios 
(mean  r/no.  of  observations) 


Table  4.  Station  mean  origin  time  deviations, 
using  subarea  mean  S/P  ratios 


SHALLOW  EARTHQUAKES  INTERMEDIATE  DEPTH  EARTHQUAKES 

STATION  3 

MEAN  MEAN 


NO.  OF 

DISTANCE 

Si 

i 

ST  DV 

NO.  OF 

DISTANCE 

Si 

! 

ST  DV 

EVENTS 

DEGREES 

SECS 

SECS 

EVENTS 

DEGREES 

SECS 

SECS 

AAA 

4 

3.36 

+0. 

,01 

0.96 

0 

AAB 

7 

3.47 

+0, 

,01 

1.36 

13 

8.48 

+0. 

07 

4.84 

ANR 

19 

2.85 

-0, 

,03 

2.33 

28 

4.05 

-0, 

,02 

1.50 

ASH 

9 

10.57 

-0. 

,01 

4.32 

11 

10.31 

+0. 

06 

2.53 

DDI 

5 

10.12 

+0. 

11 

4.02 

14 

8.59 

+0. 

01 

1.61 

DSH 

11 

4.32 

+0. 

02 

1.74 

34 

2.73 

+0. 

,03 

1.73 

FRG 

5 

2.57 

+ 0 . 

,04 

1.75 

9 

3.56 

-0. 

01 

0.88 

FRU 

33 

4.36 

+0. 

01 

2.98 

25 

6.72 

-0. 

02 

1.51 

GAR 

14 

3.87 

+0. 

08 

3.31 

25 

2.51 

+0. 

03 

2.38 

KAR 

0 

9 

12.08 

+0. 

10 

2.75 

KAT 

IS 

11.92 

0. 

,00 

3.91 

12 

12.00 

-0. 

08 

3.04 

KBL* 

8 

6.94 

+ 0. 

05 

0.73 

9 

2.31 

+0. 

01 

0.85 

KHO 

18 

4.15 

+ 0. 

0„ 

1.52 

30 

1.18 

-0. 

06 

1.35 

KUL 

4 

3.28 

+ 0. 

04 

2.77 

21 

1.73 

+ 0. 

03 

1.18 

LAH* 

4 

8.97 

+0. 

05 

1.10 

24 

5.88 

+ 0. 

15 

1.55 

MNL 

11 

6.90 

+ 0. 

13 

4.65 

12 

4.14 

-0. 

02 

1.53 

MSH* 

6 

11.33 

+0. 

10 

1.25 

18 

9.43 

+0. 

02 

1.98 

MUR 

4 

4.66 

-0. 

0" 

2.43 

7 

2.72 

+0. 

03 

1.15 

ND I * 

55 

11.88 

-0. 

06 

2.34 

32 

9.56 

+0. 

06 

1.34 

NIL* 

17 

7.49 

+ 0. 

02 

1.69 

8 

3.58 

+0. 

03 

0.63 

NRN 

0 

5 

6.04 

+0. 

01 

1.22 

PRZ 

6 

3.79 

-0. 

09 

1.28 

14 

8.36 

-0. 

02 

1.62 

QUE* 

43 

11.40 

+0. 

02 

1.45 

28 

7.33 

+0. 

05 

1.64 

SAM 

7 

4.96 

-0. 

02 

2.28 

7 

4.33 

+0. 

03 

2.04 

SEM 

8 

11.43 

+0. 

06 

3.11 

0 

TAS 

27 

4.38 

0. 

00 

3.38 

33 

4.83 

+ 0. 

04 

1.57 

WRS 

7 

6.54 

+0. 

02 

0.97 

10 

2.94 

+0. 

08 

1.93 

AVERAGES 

+0. 

01 

2.59 

+ , 

02 

1.88 

on  347  obs 

on 

i 438 

> obs 

*WWSSN  Station 
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Table  5.  Event  mean  origin  time  deviations, 
using  subarea  mtan  S/P  ratios 


SOURCE  DEPTH 

NETWORK  TYPE 

NUMBER 

EVENTS 

MEAN 

(SEC) 

ST.DV. 

(SEC) 

Shallow 

All  stations 
(5  or  more) 

35 

0.00 

1.19 

Reviewed 
stations  only 
(2  or  more) 

43 

+0 . 16 

1.28 

Intermediate 

depth 

All  stations 
(5  or  more) 

41 

+ 0.12 

0.75 

Reviewed 
stations  only 
(2  or  more) 

35 

+ 0.05 

0.95 

5.  DISTANCE  AND  DEPTH  DEPENDENCE  OF  THE 
S/P  TRAVEL  TIME  RATIO 


5.1  SHALLOW  EARTHQUAKES 

For  the  shallow  calibration  earthquakes,  Wadati  graph  analysis  was  carried 
out  separately  for  two  distance  ranges,  less  than  or  equal  to  6.5  degrees 
and  6.5  to  14.0  degrees.  This  division  into  two  distance  ranges  was  based 
on  inspection  of  empirical  P and  S travel  time  curves  for  the  region,  which 
showed  a clear  change  in  apparent  velocity  at  about  6.5  degrees.  The  two 
branches  of  the  travel  time  curves  are  interpreted  as  Pn  and  Sn  for  the 
less  than  6.5  degree  branch  and  as  mantle  P and  S for  the  6.5  to  14  degree 
branch.  Reliable  estimates  of  Wadati  graph  parameters  could  not  be  obtained 
for  individual  events  because  too  few  stations  within  either  distance  range 
recorded  both  P and  S for  any  single  event.  Therefore,  data  from  earthquakes 
of  similar  depth  were  combined  and  least  squares  estimates  of  the  Wadati 
graph  slope  (p)  and  P-T  intercept  (x)  were  determined  for  each  of  7 depth 
ranges.  This  procedure  is  valid  if  the  pP  depths  are  valid,  the  velocity 
structure  is  fairly  uniform  laterally  throughout  the  region,  and  the  Wadati 
graph  parameters  do  not  change  too  rapidly  with  depth. 

Wadati  graph  parameter  estimates  for  the  shallow  earthquakes  are  listed  ir 
table  6 and  are  shown  in  figure  9 as  a function  of  focal  depth  for  each  o*. 
the  two  distance  ranges.  One  standard  error  limits  are  shown  for  both  slope 
and  intercept  values.  Although  there  is  some  evidence  of  depth  dependence 
of  the  Wadati  graph  slope,  especially  in  the  20  to  30  km  depth  range,  there 
is  no  statistically  significant  difference  in  the  slopes  at  the  95«  confi- 
dence level.  Therefore,  a weighted  mean  value  of  slope  was  determined  from 
all  depths  in  each  of  the  distance  ranges.  The  x intercept  values  obtained 
with  the  slopes  restrained  to  the  weighted  mean  value  for  each  distance 
range  are  also  included  in  table  6 and  plotted  on  figure  9.  Statistically, 
there  is  no  difference  in  the  slopes  between  the  two  distance  ranges  but 
there  is  a difference  in  the  x intercepts.  The  depth  dependence  of  the  x 
intercept  is  clearly  evident  for  both  distance  ranges  on  figure  9,  the 
intercept  decreasing  with  increasing  depth.  Linear  least  squares  estimates 
of  the  intercept-depth  relations  for  the  two  distance  ranges,  with  Wadati 
graph  slope  restrained,  are  shown  on  the  figure  and  listed  in  table  7. 
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Table  6. 

Shallow 

Kadati  graph  parameters, 

by  depth 

DEPTH (km) 

0-5 

6-10 

11-15  16-20  21-25 

26-30  31-35 

NO.  EVENTS 

6 

21 

32  8 7 

4 4 

EPICENTRAL  DISTANCE  < 

6.5° 

MEAN  DEPTH (km) 

3.3  8.3 

13.1 

17.6 

23.7 

28.7 

33.6 

NO.  OBSER. 

3 62 

95 

26 

17 

17 

11 

P 

.758 

.756 

.760 

.815 

.845 

.781 

STANDARD  ERROR (p) 

.017 

.016 

.031 

.049 

.052 

.042 

x (SECS) 

---  -1.43 

-1.85 

-2.10 

+0.50 

+3.56 

-1.88 

STANDARD  ERROR (?) 

1.30 

1.13 

1.94 

3.21 

3.67 

3.26 

p = 0.764 

t(p*.  764) (SECS) 

o 

or 

o 

i 

-1.18 

-1.80 

-3.20 

-2.63 

-3.33 

STANDARD  ERROR (x) 

0.46 

0.40 

1.69 

1.21 

1.21 

1.16 

EPICENTRAL 

DISTANCE  6.5° 

- 14.0° 

MEAN  DEPTH (km) 

4.2 

8.1 

13.0 

17.9 

23.5 

29.5 

33.7 

NO.  OBSER. 

22 

61 

104 

23 

18 

6 

9 

P 

.782 

.792 

.781 

.771 

.810 

.758 

.784 

STANDARD  ERROR (p) 

.022 

.014 

.010 

.024 

. 053 

.037 

.026 

T (SECS) 

+1.04 

+2.35 

-0.34 

-0.76 

+2.89 

-4.55 

+0.21 

STANDARD  ERROR  (x ) 

4.08 

2.48 

1.78 

4.32 

5.43 

5.52 

4.49 

P = o 

.784 

x (p= .784) (SECS) 

+ 1.41 

+0.77 

+0.20 

+ 1.76 

-1.92 

-0.12 

+ 0.15 

STANDARD  ERROR (x) 

0.94 

0.58 

0.41 

0.83 

0.94 

1.20 

1.04 
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Table  7.  Mean  Kadati  graph  parameters 
for  shallow  earthquakes 


DISTANCE  RANGE 

t (h) 

DEGREES 

P 

(SECS) 

< 6.5 

0.764 

■*■0.10  - 0 . 106h 

6.5  - 14.0 

0.784 

+1.14  - 0 . 051h 

h = focal  depth  in  km 

Using  the  Kadati  graph  parameters  from  table  7,  the  S/P  travel  time  ratio 
r,  computed  with  equation  8,  is  shown  in  figure  10  as  a function  of  focal 
depth  for  selected  distances.  Also  shown  in  the  figure  is  the  depth 
distribution  of  the  station  observations.  The  figure  shows  that  r varies 
rather  strongly  with  increasing  depth  for  distances  less  than  6.5  degrees. 
The  variation  ranges  from  more  than  12  percent  at  distances  less  than  2 
degrees  to  about  5 percent  near  6 degrees.  The  depth  variation  of  r is 
small  beyond  6.5  degrees;  decreasing  slowly  from  about  1.5  percent  near 
t> . 5 degrees  to  less  than  1.0  percent  beyond  14  degrees.  The  depth  distri- 
bution of  earthquakes  suggests  that  the  values  of  r should  be  the  most 
reliable  in  the  5 to  25  km  depth  range. 

The  dependence  of  r on  focal  depth  will  limit  the  accuracy  of  origin  times 
computed  with  the  S/P  technique  for  shallow  earthquakes  in  central  Asia. 

For  example,  if  r values  for  a depth  of  20  km  were  used  to  compute  S/P 
origin  times  of  an  earthquake  with  a focal  depth  of  either  0 or  40  km, 
the  error  in  origin  time  based  on  S and  P arrival  times  at  distances  less 
than  6.5  degrees  would  be  about  2 seconds  and  the  origin  time  error  for 
distances  greater  than  6.5  degrees  would  be  about  1 second.  Corresponding 
depth  errors,  from  approximate  relation  (3),  would  be  about  15  km  if  only 
data  from  distances  less  than  6.5  degrees  were  used  and  about  10  km  if 
only  data  from  distances  greater  than  b.5  degrees  were  used.  The  direction 
of  depth  error  for  both  the  surface  and  the  40  km  earthquake  would  be 
toward  the  ,20  km  depth. 

Figure  11  shows  the  variation  of  r with  distance  for  selected  depths,  again 
using  parameter  values  from  table  7 in  equation  8.  Also  shown  is  the  dis- 
tance distribution  of  station  observations.  The  figure  shows  a strong 
variation  of  r with  distance  for  the  deeper  crustal  earthquakes  at  distances 
less  than  6.5  degrees.  There  is  practically  no  distance  dependency  beyond 
this  distance.  The  large  number  of  observations  suggests  that  the  distance 
variations  should  be  valid,  particularly  between  about  1 and  12  degrees. 

The  dependency  of  r on  distance  may  also  limit  the  accuracy  of  origin  times 
computed  with  the  S/P  technique.  The  problem  will  be  the  most  severe  for 
deep  crustal  earthquakes  at  stations  within  3 or  4 degrees.  For  example, 
if  the  subarea  values  of  r represent  averaged  distance  effects  and  there 
is  a maximum  distance  range  within  the  subarea  of  2 degrees,  a 35  km  event 
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may  have  an  origin  time  error  of  2.5  seconds  from  the  S/P  technique,  based 
only  on  data  at  less  than  6.5  degrees.  Similarily  a 15  km  earthquake  may 
have  an  origin  time  error  of  about  0.5  second.  These  correspond  to  depth 
errors  of  less  than  20  and  5 km,  respectively.  However,  these  estimates 
assume  that  all  close-in  stations  are  in  the  same  direction  from  the  hypo- 
center.  If  the  close-in  stations  are  distributed  about  the  hypocenter,  as 
they  generally  are  in  the  Hindu-Kush  region,  the  distance  effects  on  depth 
estimates  from  this  technique  tend  to  cancel  and  reduce  the  error  in  the 
origin  time  estimate.  Similar  sources  would  have  essertially  no  origin 
time  errors  from  stations  beyond  6.5  degrees. 


5.2  INTERMEDIATE  EARTHQUAKES 

A distance  range  of  4.5  to  13.0  degrees  was  selected  for  Wadati  graph 
analysis  of  the  intermediate  depth  calibration  earthquakes,  based  on  results 
reported  by  Kaila,  and  others  (19b9)  on  S and  P travel  times  from  Hindu-Kush 
earthquakes.  This  assured  that  the  assumption  of  a linear  relation  between 
S-P  and  P-T  was  valid.  Data  from  earthquakes  of  similar  depth  were  combined 
and  least  squares  estimates  of  the  Wadati  graph  parameters  were  determined 
for  each  of  10  depth  ranges. 

The  Wadati  graph  for  intermediate  depth  earthquakes  should  not  be  linear 
at  distances  less  than  about  4.5  degrees.  However,  because  almost  half 
the  data  fall  in  this  distance  range,  it  is  of  interest  to  determine  if 
S and  P arrival  times  at  stations  in  this  distance  range  can  be  used  to 
compute  accurate  origin  times  using  the  slope  and  intercept  determined  from 
Wadat:  graph  analysis.  Such  analysis  should  also  aid  in  investigating 
sensitivity  of  the  S/P  travel  time  ratio  to  changes  in  focal  depth  and 
epicentral  distance  over  this  distance  range.  Therefore,  linear  Wadati 
graph  parameters  were  also  estimated  for  each  of  10  depth  ranges  using 
only  arrivals  at  distances  less  than  4.5  degrees. 

Table  8 lists  the  Wadati  graph  parameters  estimated  for  the  10  depth  ranges 
and  the  two  distance  ranges,  less  than  4.5  degrees  and  4.5  to  13.0  degrees. 
Figure  12  shows  the  Wadati  graph  slopes  and  t intercepts,  with  plus  or  minus 
one  standard  error  limits,  as  a function  of  pP  depth  for  the  two  distance 
ranges.  Once  again  there  is  a suggestion  of  a change  in  slope,  this  time 
near  175  km,  but  there  are  no  statistical  differences  in  the  slopes  for  any 
of  the  various  depth  ranges  in  either  distance  range.  However,  there  is  a 
significant  difference  in  the  slope  between  the  two  distance  ranges.  A 
weighted  mean  value  of  p was  determined  for  all  depths  for  each  distance 
range.  The  resultant  t intercepts  for  each  depth  range  obtained  with  the 
mean  values  are  also  given  in  table  8 and  plotted  on  figure  12.  No  signifi- 
cant depth  dependency  occurs  for  either  depth  range.  The  mean  value  of  the 
t intercept  is  also  given  in  table  8. 
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Table  8.  Intermediate  depth  Kadati  graph  parameters, 
by  depth  


DEPTH (kmj 

86- 

101 

1 i 6- 
128 

140- 

153 

161- 

171 

195- 

204 

208- 

216 

222- 

225 

228- 

238 

252 

NO. EVENTS 

4 

4 

4 

5 

4 

5 

4 

8 

1 

Epicentral  distance  < 

4.5° 

MEAN 

DEPTH (km) 
NO.  OBSER. 

P 

95.4 

20 

.724 

123.3 

22 

.714 

148.0 

16 

.709 

163.9 

28 

.685 

200.1 

18 

.749 

213.7 

23 

.704 

223.8 

16 

.754 

231  .8 
44 
.735 

252.0 

7 

.756 

STANDARD 
ERROR  (p) 
t (SECS) 

.032 

-2.43 

.026 

-4.08 

.040 

-4.82 

.023 

-6.13 

.034 

-1.56 

.029 

-4.02 

.030 

-0.97 

.016 

-2.80 

.040 

-1.57 

STANDARD 

ERROR(t) 

1.82 

1.32 

1.96 

1.18 

1.88 

1 .50 

1.51 

0.86 

2.28 

p = 0.725 

T = -3 . 

19 

T (pa. 725) 
(SECS) 

-1.92 

-3.39 

-3.79 

-3.55 

-3.17 

-2.65 

-2.71 

-3.43 

-3.74 

STANDARD 

ERROR(t) 

0.65 

0.49 

0.55 

0.41 

0.59 

0.42 

0.41 

0.24 

0.58 

Epicentral 

distance  4 .5° 

- 13.0° 

MEAN 

DEPTH (km) 
NO.  OBSER. 

P 

98.1 

19 

.795 

123.6 

21 

.797 

146.6 

24 

.778 

164.3 

25 

.769 

199.6 

19 

.798 

213.6 

45 

.793 

223.2 

19 

.781 

231.3 

53 

.787 

252.0 

6 

.821 

STANDARD 
ERROR (p) 
x (SECS) 

.015 

+2.56 

.016 

+2.24 

.016 

-0.37 

.013 

-0.88 

.019 

+2.51 

.012 

+2.10 

.015 

+0.97 

.011 
+ 0.54 

.038 

+5.21 

STANDARD 
ERROR (x) 

1.78 

2.15 

2.10 

1 .69 

2.42 

1.55 

1 .80 

1.34 

4.84 

P = o 

.788 

x = +1 

.27 

x (p  = .788) 
(SECS) 

+ 1.65 

+0.97 

+0.99 

+ 1 .87 

+ 1.14 

+1  .47 

+ 1.89 

+0.71 

+0.74 

STANDARD 
ERROR  (x) 

0.45 

0.64 

0.64 

0.51 

0.62 

0.42 

0.51 

0.35 

0.92 

-40- 


280- 

289 

2 


282.3 

8 

.746 

.032 

-1.12 

2.06 


-2.76 

0.49 


284 . 2 
17 
.805 

.018 
+3 .33 

2.27 


+ 1 .02 

0.59 
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For  comparison  purposes,  the  values  of  P and  t computed  from  the  P and  S 
velocity  values  reported  by  Kaila,  and  others  (1969)  for  the  Hindu-Kush 
region  are  plotted  on  figure  12.  Also  plotted  are  the  smooth  curves  of 
p and  t as  functions  of  h(pP)  computed  from  Kaila's  linear  velocity-depth 
functions.  Most  of  the  difference  between  Kaila's  intercept  values  and 
the  intercept  values  determined  in  the  present  study  can  be  accounted  for 
by  the  different  P travel  times  used.  Jeffreys-Bullen  (1958)  travel  times 
(JB)  were  used  in  Kaila's  study  and  the  Herrin  (1968)  travel  times  in  the 
present  study.  Locations  made  with  Herrin  times  yield  origin  times  which 
are  about  2.3  seconds  later,  on  the  average,  than  locations  made  with  JB 
times . 

The  travel  time  ratio  r,  computed  with  equation  8 using  the  intermediate 
depth  IVadati  graph  parameters  from  table  8,  is  shown  as  a function  of  depth 
for  selected  distances  in  figure  13.  The  ratio  (r)  decreases  with  increas- 
ing depth;  this  is  the  opposite  of  the  depth  effect  observed  for  shallow 
earthquakes  (figure  10).  The  greatest  variation  of  r with  depth,  about  14 
percent,  occurs  between  100  and  300  km  for  a station  directly  over  the 
source.  At  2 degrees,  this  variation  is  about  2 percent  and  beyond  4 
degrees,  it  is  less  than  0.4  percent.  The  depth  distribution  of  station 
observations,  also  shown  on  figure  13,  suggests  that  the  depth  variation 
of  r is  well  controlled  over  the  distance  range  from  100  to  300  km. 

The  origin  time  errors  resulting  from  the  use  of  an  average  value  of  r for 
either  a 100  or  300  km  source  may  now  be  estimated  for  stations  inside  of 
4.5  degrees.  There  is  no  error  for  stations  beyond  4.5  degi . s . The 
errors  are  about  1 second  for  a 100  km  source  and  only  about  -0.5  second 
for  a 300  km  source.  These  correspond  to  -10  and  +4  km  depth  errors, 
respectively;  the  100  km  source  will  locate  near  90  km  and  the  300  km 
source  will  locate  near  305  km. 

The  variation  of  the  S/P  travel  time  ratio  with  distance  for  the  intermedi- 
ate depth  earthquakes  is  shown  in  figure  14.  The  distance  dependency  is 
greatest  for  the  shallower  depths.  Once  again,  this  is  opposite  to  the 
effects  observed  for  shallow  earthquakes  (figure  11)  where  the  distance 
variation  was  greatest  for  the  deepest  crustal  events.  This  suggests  that 
the  distance  variation  of  r must  reach  a maximum  at  a depth  somewhere  between 
about  40  and  100  km.  The  distance  distribution  of  observations  also  shown 
on  figure  14  suggests  that  the  estimates  of  r should  be  good  between  about 
1 and  12  degrees. 

The  possible  origin  time  errors  due  to  distance  effects  for  100  and  300  km 
sources  using  stations  at  distances  less  than  4.5  degrees  are  about  1.5  and 
0.5  seconds,  respectively.  The  corresponding  depth  errors  are  about  15  and 
5 km.  As  with  the  shallow  earthquakes,  the  effects  from  individual  stations 
of  a network  which  is  distributed  about  the  source  tend  to  cancel  each  other 
and  reduce  the  size  of  these  errors. 

To  examine  the  consistency  of  origin  time  estimates  using  the  Wadati  graph 
parameters,  and  to  compare  these  with  the  subarea  average  value  results, 
station  mean  origin  time  deviations  (S2^)  were  computed  for  both  the  shallow 
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NUMBER  OF  OBSERVATIONS  T (s/p  ratio  -1 ) 
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0 800 
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Figure  13.  Variation  of  S/P  travel-time  ratio  with  focal  depth; 
intermediate  depth  earthquakes 
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i. 


J 


and  intermediate  depth  calibration  earthquakes  from 


s . = i_yH[p-T(pp)]  - VV  - cs-p)i:j/Pk} 
J'i- 1 

where  i = station  index 
j = event  index 
k = distance  range  index 

V Wadati  graph  parameters 

M 


(12) 


For  the  shallow  earthquakes,  the  mean  Wadati  graph  parameters  listed  in 
table  7 were  used  to  compute  the  station  mean  origin  time  deviations  For 
the  intermediate  depth  earthquakes,  the  mean  Wadati  graph  parameters  in 
tahlr  8 were  used  Resulting  station  mean  origin  time  deviations  are 
listed  in  table  9'.  These  values  are  consistently  larger  with  larger  standar 
deviations  than  the  corresponding  values  given  in  table  4. 
expected  because  the  Wadati  graph  parameters  describe  the  average  effec 
from  all  shallow  or  all  intermediate  depth  sources  to  all  stations  wh  1 
((“subarea  average  values  are  average  effects  fro*  a small  region  to  each 

particular  station. 
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Table  9.  Station  mean  origin  time  deviations, 
using  mean  Wadati  graph  parameters 


STATION 


SHALLOW  EARTHQUAKES 


INTERMEDIATE  DEPTH  EARTHQUAKES 


NO.  OF 
EVENTS 

MEAN 

DISTANCE 

DEG. 

^zi 

SECS. 

ST.DV. 

SECS. 

NO.  OF 
EVENTS 

MEAN 

DISTANCE 

DEG. 

s£is. 

ST.DV, 

SECS. 

AAA 

0 

3.30 

-1.80 

2.10 

0 

AAB 

13 

3.47 

+0.60 

3.56 

13 

8.48 

-1.11 

4.84 

ANR 

24 

2.85 

+0.80 

3.32 

28 

4.05 

-0.74 

1.59 

! 

ASH 

12 

10.57 

-0.27 

4.76 

11 

10.31 

-2.86 

2.95 

•t 

DDI 

11 

10.12 

-2.13 

5.77 

14 

8.59 

-0.09 

1.74 

DSH 

14 

4.32 

-0.90 

2.69 

34 

2.73 

0.00 

1.95 

FRG 

9 

2.57 

-1.04 

1.83 

9 

3. 5o 

-1.22 

0.95 

1 

FRU 

36 

4.30 

+ 1.24 

4.36 

25 

6.72 

-0.19 

1.54 

l 

i 

* 

GAR 

17 

3.87 

-0.00 

4.67 

25 

2 .51 

+0.26 

2.57 

KAR 

0 

9 

12.08 

+ 2.33 

3.64 

KAT 

21 

11.92 

+0.04 

7.08 

12 

12.00 

-1.40 

3.49 

• 

KBL* 

12 

0.94 

-0.40 

2.15 

9 

2.31 

+ 0.14 

0.98 

KHO 

25 

4 . Oo 

0 .66 

2.84 

30 

1.18 

+ 0.08 

1.34 

KUL 

7 

3.28 

-2.29 

3.56 

21 

1.73 

-0.66 

1.41 

! 

LAH* 

14 

8.97 

+0.35 

3.03 

24 

5.88 

+ 1.78 

1.50 

1 

MNL 

15 

6.90 

+ 5.73 

4.62 

12 

4.14 

+0.31 

2.94 

MSH* 

15 

11.33 

-1.00 

2.74 

18 

9.43 

-0.56 

2.27 

i 

MUR 

8 

4 . 60 

+0.52 

3 . 9o 

7 

2.72 

+ 0.41 

1.18 

f 

NDI 

56 

11.88 

+ 1.65 

3.03 

32 

9.56 

+ 1.99 

1.36 

• 

t u 

NIL* 

19 

7 . 30 

+0.14 

2.48 

8 

3.58 

-0.82 

0.69 

NRN 

0 

5 

6.04 

-1.76 

1.61 

PRZ 

10 

3.79 

+0.88 

2.77 

14 

8.36 

-2.17 

1.79 

■ 

QUE* 

49 

11.40 

-1.97 

2.55 

28 

7.33 

-0.89 

1.82 

1 

SAM 

14 

4.93 

-0.74 

4.90 

7 

4.33 

+2.38 

3.12 

SEM 

12 

11.43 

+ 1.55 

4.25 

0 

TAS 

31 

4.38 

-1.22 

4.43 

33 

4.83 

+0.09 

1.75 

WRS 

9 

0.54 

-3.17 

6 . 64 

10 

2.94 

+ 1.08 

3.09 

1 1 
1 1 

* WWSSN 

station 

6. 


RELOCATION  OF  TEST  EARTHQUAKES 


Eight  intermediate  depth  and  15  shallow  earthquakes  for  which  focal  depth 
had  been  established  from  depth  phase  information  were  relocated  with  origin 
time  restrained  to  the  value  determined  from  S and  P arrival  times  and  the 
station  regional  mean  travel  time  ratios  (table  3).  None  of  the  test  earth- 
quakes were  used  to  calibrate  the  stations  for  the  S/P  travel  time  ratio. 
Locations  of  the  test  events  are  shown  in  figure  1.  Table  10  lists  the  test 
earthquake  epicenters,  pP  depth  (h(pP)),  and  S/P  depth  (h(S/P)).  S/P  depths 
of  all  intermediate  depth  test  earthquakes  were  within  7 km  of  h(pP).  S/P 
depths  of  all  but  three  of  the  shallow  test  earthquakes  were  within  9 km  of 
h(pP).  For  the  12  April  1972  earthquake  in  subarea  1,  with  a S/P  depth 
error  of  -27  km,  the  S/P  origin  time  estimates  for  individual  stations  were 
inconsistent;  the  standard  deviation  of  S/P  origin  time  estimates  being  4.8 
seconds.  Therefore,  the  large  S/P  depth  error  for  this  earthquake  probably 
should  not  be  considered  a failure  of  the  S/P  technique.  The  S/P  origin 
time  estimate  for  the  28  August  1969  earthquake  in  subarea  5,  with  an  S/P 
depth  error  of  -11  km,  was  based  C’i  5 and  P arrival  times  at  only  two  stations 
although  the  origin  time  estimates  for  the  two  stations  agreed  well  with  each 
other.  For  the  11  February  1972  earthquake  in  subarea  8,  with  an  S/P  deptli 
error  of  +24  km,  S and  P arrival  times  at  6 stations  were  available  and  the 
consistency  of  the  S/P  origin  time  estimates  for  the  individual  stations  was 
fair;  the  standard  deviation  of  S/P  origin  time  estimates  being  1.8  seconds. 
Reliability  of  the  pP  deptli  estimate  for  this  earthquake  is  considered  fair. 

If  the  pP  depth  estimate  of  15  km  is  accepted  for  this  earthquake,  the  S/P 
depth  estimate  of  39  km  must  be  considered  a failure  of  the  S/P  depth 
estimation  technique.  However,  in  view  of  the  consistency  of  the  individual 
S/P  origin  time  estimates  for  this  earthquake,  the  possibility  of  an  error 
in  the  pP  depth  estimate  cannot  be  discounted. 
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Table  10.  Test  earthquake  relocations 


NORTH 

EAST 

h(S/P) 

SUBAREA 

DATE 

LATITUDE 

LONGITUDE 

h(pP) 

SHALLOW  EARTHQUAKES 

1 

12  Apr  72 

37.83 

66.71 

27 

0* 

2 

30  May  72 

38.18 

69.73 

6 

0* 

3 

10  Feb  71 

38.85 

70.61 

11 

20 

4 

18  Apr  71 

39.09 

71.75 

22 

18 

5 

27  Apr  71 

39.48 

72 . 91 

16 

17 

5 

28  Aug  69 

39.23 

73.68 

11 

0* 

6 

14  Sep  69 

39.75 

74.83 

34 

32 

8 

15  Jan  72 

39.79 

79.30 

5 

0* 

8 

15  Jan  72 

39.77 

78.99 

8 

0* 

8 

11  Feb  72 

39.85 

77.30 

15 

39 

9 

23  Mar  71 

41.45 

79.28 

14 

22 

9 

16  Jun  71 

41.48 

79.29 

12 

13 

11 

23  Apr  70 

37.55 

72.68 

8 

17 

12 

19  Oct  68 

5" . 56 

73.24 

7 

2 

15 

17  Mar  72 

40.07 

69.71 

5 

3 

*orbit 

INTERMEDIATE  DEPTH  EARTHQUAKES 

19 

20  Jan  72 

36.38 

70.70 

224 

225 

19 

22  Feb  72 

36.46 

70.51 

220 

215 

19 

29  May  72 

36.51 

70.77 

235 

235 

19 

20  Jun  72 

36.38 

71.41 

121 

125 

20 

24  Nov  69 

37.19 

71.66 

127 

127 

21 

05  Feb  72 

38.37 

73.64 

143 

136 

21 

04  Mar  72 

38.31 

73.94 

149 

145 

21 

05  Apr  72 

38.39 

73.41 

129 

128 
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7. 


CONCLUSIONS  AND  RECOMMENDATIONS 


The  S/P  travel  time  ratio  technique  of  computing  focal  depth  will  yield 
accurate  depth  estimates  and  thus  identify  Hindu-Kush  intermediate  depth 
earthquakes  if  reliable  S and  P arrival  times  at  stations  within  13  degrees 
of  the  epicenter  are  available.  Variation  with  distance  of  the  S/P  travel 
time  ratio  for  intermediate  depth  earthquakes  is  weak  over  the  distance 
range  4.5  to  13  degrees.  For  distance  less  than  4.5  degrees,  the  S/P 
travel  time  ratio  increases  rapidly  with  decreasing  distance.  The  effects 
of  this  variation  tend  to  cancel  for  a distributed  network  of  close-in 
stations.  The  depth  dependence  of  the  S/P  travel  time  ratio  is  weak  for 
distances  greater  than  4.5  degrees  and  can  be  neglected  for  identification 
purposes.  Even  at  distances  less  than  4.5  degrees,  the  effects  of  the 
changing  value  of  r will  not  prevent  a valid  identification  of  the  source. 

For  shallow  earthquakes  in  the  Hindu-Kush,  Pamir,  and  Tien  Shan  regions, 
variation  of  the  S/P  travel  time  ratio  with  distance  is  weak  over  the 
distance  range  6.5  to  14  degrees.  For  distances  less  than  6.5  degrees, 
the  S/P  travel  time  ratio  increases  with  decreasing  distance.  These  effects 
also  tend  to  cancel  for  a distributed  network  of  close-in  stations.  The 
S/P  travel  time  ratio  for  shallow  earthquakes  in  this  region  varies  with 
focal  depth,  the  depth  dependence  of  the  ratio  being  stronger  at  closer 
distances.  The  S/P  travel  time  ratio  technique  is  useful  for  estimating 
focal  depth  of  shallow  central  Asia  earthquakes,  although  its  capability 
for  identifying  shallow  earthquakes  is  limited  by  depth  dependence  of  the 
ratio  and  uncertainty  in  observed  arrival  times,  especially  the  S arrival 
time,  together  with  the  very  shallow  depths  of  most  shallow  earthquakes 
in  this  region. 

We  recommend  that  other  regions  of  special  interest,  for  which  adequate 
close-in  P and  S data  are  available,  be  calibrated  for  the  S/P  travel  time 
ratio  for  close-in  stations.  Other  depth  refinement  techniques,  in  parti- 
cular, the  technique  employing  source-region/station  time  (SRST)  corrections 
(Veith,  1973)  should  also  be  applied.  The  two  techniques  should  be  employed 
together  to  increase  the  resolution  of  the  focal  depth  by  the  close-in  stations. 


-49- 


TR  74-16 


8.  references 


Bullen , K.  E.,  1963,  An  introduction  to  the  theory  of  seismology.  University 
Press,  Cambridge,  Great  Britian,  381  p. 

Evernden,  J.  F.,  1969,  Identification  of  earthquakes  an\^Pl°s*°^ 

of  teleseismic  data:  J.  Geophys.  Res.,  v.  74,  no.  5,  p.  3828-3856. 

Herrin,  E.,  ed.,  1968,  Seismological  tables  for  P:  Bui.  Seism.  Soc.  Amer., 

v.  58,  no.  4,  p.  1196-1220. 

Jeffreys,  H.  and  Bullen,  K.  E. , 1958,  Seismological  tables:  London,  British 

Assoc,  for  the  Advancement  of  Science,  Gray  Milne  rus  , P- 

„ a.la  K , 1969  A new  analytical  method  for  finding  the  upper  mantle 

**11  irticiw  structure  from  P^and  S »ave  travel  times  of  deep  earthquakes. 
Bul . Seism.  Soc.  Amer.,  v.  59,  no.  2,  p.  755-769. 

v-  k I Krishna  V.  G.  , and  Narain,  H.,  1969,  Upper  mantle  velocity 

structure  in  the  Hindu-Kush  region  from  travel  time  studies  of  deep 
earthquakes  using  a nev.  analytical  method:  Bul.  Seism.  Soc.  Amer., 

V.  59,  no.  5,  p.  1949-1967. 

Kisslinger,  C.  and  Engdahl,  E.  R.,  1973,  The  interpretation  of  the  Wadati 
diagram  with  relaxed  assumptions:  Bul.  Seism.  Soc.  Amer.,  . 

p.  1723-1736. 

Macelwane,  J.  B.  and  Sohon,  F.  W • , 1932,  Introduction  to  theoretical 
seismology:  Part  I,  Saint  Louis,  Mo.,  St.  Louis  Umversi  y. 

Swanson  J.  G.,  1969,  Estimation  of  focal  depth  from  close-in  P and  S data 

Swanson , ; ^ Garland>  Texas,  Geotech,  a Teledyne  Co.,  30  p. 

1971,  P-to-S  velocity  ratio  in  central  Asia  (U) : TR  71-14, 

Garland,  Texas,  Teledyne  Geotech,  25  p. 

1974,  S/P  travel  time  ratio  in  central  Asia:  TR  74-9, 


I A o'  ' ' J ‘-'Z  * ’ 

Garland,  Texas,  Teledyne  Geotech,  25  p. 


Veith  K.  F.  and  van  Leer,  F.  P..  1970,  Hypocenter  detenjinatlOT  i netl hods 
and  control:  TR  70-20,  GarJ.r.d,  Texas,  Teledyne  Geotech,  30  p. 

Veith  K.  F.,  1973,  Progress  report  on  hypocenter  refinement  in  central 
Asia  (U):  TR  73-9,  Garland,  Texas,  Teledyne  Geotech,  37  p. 

Wadati,  K.,  1933,  On  the  travel  time  of  earthquake  waves:  Part  II,  Geophys. 

Mag. , v.  7,  p.  101-111. 


-50- 


TR  74-16 


•r 

> 


UNCI  \SS1 1-1 1.0 


SECURIT-,  tLJViSiriCATIOM  01  THIS  PAGE  ES*h"n  j) 


,/i 


REPORT  DOCUMENTATION  PAGE 


lii'AD  ins nu  cno.vs 
uki-okk  cuv.pi  t riNc;  Komi 


1.  ktPOHT  NUMBER 

AI-'IM  H 


}/  TR~ — V w—  jj>S  :)  4 

4.  TITLE  ('/in^  Submit) 


2.  GOVT  ACCESSION  NO. 


RECIPIENT'S  CA1  AlOG  MUM  I E f< 


_£/J  TRAVHI.JIMIi  JATIO 
>f  IN  CENTRAL  ASIA,  r- ' 


■f.  TYPE  OF  REPCflJ  S PE  hi  DO  COVERED 

/ / Annual  rcp^t/^fclL— 

<1  Ofct  j*P73  — 3jT. 


_.PEIt'  CRV,ING  ORG.  REPORT  NUMBER  ” 


7 AUTHORS! 

G 


pt 


j Swanson 


FORMING  ORGANIZATION  NAME  AND  ADDRESS 

Telcdyne  hrdrnrr ri0iT,~Tne-.  , Geotech  Divi  s'ian 
3401  Shiloh  Road 
Garland,  Texas  75041 


F4462/-74 -C-4^21  Ly  t/-~! 


EMFNT,  PROJECT;  TASK 
AREA  6 fcORK  UNIT  NUMBERS 


6270l£r 
AO  1827-12 


<£^pa 


t t.  CONTROLt  ING  OFFICE  NAME  ANO  ADDRESS 

Advanced  Research  Projects  Agency/NMR 
1400  Wilson  Boulevard 
Arlington,  Virginia  22209 


t?.  REPORT  DATE 

( / \J  ) Novi 

S M3.  NUMBER  OFp'WLS3 


56 


14.  MONITORING  AGENCY  NAME  fi  AOORESSfiN  dill  rent  ttom  Controlling  Ollice) 

Air  Force  Office  of  Scientific  Research/NP 
1400  Wilson  Boulevard 
Arlington,  Virginia  22209 


'S.  SECURITY  CLASS,  (of  this  report) 

UNCLASSIFIED 


TS/I.  DECLASSIFICATION  DOWNGRADING"  | 
SCHEDULE  I 


16.  DIST  HIOUTION  ST  ATEMEN  i (oi  Ihlt  Report) 

Approved  for  public  release;  distribution  unlimited 


t7.  DlST  Rl BUTION  STATEMENT  (of  the  abstract  entered  in  Block  20,  if  different  irom  Hcp^rt) 


tB.  supplementary  NOTES 


19.  KEY  WORDS  (Continue  on  reverse  tide  *f  necessary  and  identify  by  block  number) 


S/P  Ti avel  Times 
Focal  Depth 
Central  Asia 


20.  ABSTRACT  (Confirms  on  reverse  side  II  necessary  and  id  dily  b ■ block  numler  ) 


The  S/P  travel  time  ratio  for  intermediate  depth  llindu-Kush  earthquake:  and 
shallow  earthquakes  in  the  Hindu -Kush , Pamir,  and  Tien  Shan  regions  is 
investigated,  using  S and  P arrival  times  at  6 World  Wide  Standard  Seismo- 
graph Network  stations  and  19  other  close-in  stations. 


For  intermediate  depth  earthquakes,  station  mean  values  of  the  ratio  average 
1.78,  ranging  from  1.76  to  1.81.  The  ratio  increases  slowly  with  increasing 


DD  i janM73  1^-73  edition  of  I NOV  ss  ir  obsolete  UNC  l Vis  T F I FI)  ' ^ 05~  *7  'J  O *^1^4 


'-I 

ft.  .< 


UNCLASSIFIED 


I? 


SECunn  V CL  A^SI^ICATIOn  Q>  This  PAGLfH?mo  Pmtm  F nt*r*d) 


20. 


distance  over  the  range  4.5  to  13  degrees  and  increases  rapidly  with 
decreasing  distance  for  distances  less  than  4.5  degrees.  Variation 
of  the  ratio  with  focal  depth  is  weak.  The  standard  deviation  of  S/P 
origin  time  deviations  from  origin  times  based  on  locations  restrained 
to  pP  depth  is  about  0.8  second1,  implying  a standard  deviation  of  S/P  dept 
error,  relative  to  pP  depth,  of  about  8 km.  S/P  depths  of  8 intermediate 
depth  earthquakes,  relocated  with  origin  time  restrained  to  the  value 
determined  from  close-in  P and  S arrival  times  and  regional  mean  S/P 
travel  time  ratios,  were  all  within  7 km  of  the  pP  depths. 


For  shallow  earthquakes,  station  mean  values  of  the  S/P  travel  time 
ratio  average  1.78,  ranging  from  1.75  to  1.83.  For  the  distance  range 
6.5  to  14  degrees,  variation  of  the  ratio  with  distance  is  weak,  and 
for  distances  less  than  6.5  degrees  the  ratio  increases  with  decreasing 
distance.  The  S/P  travel  time  ratio  increases  with  increasing  focal 
depth,  the  depth  dependence  being  stronger  at  closer  distances.  The 
standard  deviation  of  S/P  origin  time  deviations  from  pP  origin  cirne 
is  about  1.2  second  for  shallow  earthquakes,  implying  a standard  devia- 
tion of  S/P  depth  error,  relative  to  pP  depth,  of  about  9 km.  S/P 
depths  for  12  of  15  shallow  earthquakes  relocated  with  origin  time 
restrained  to  the  value  determined  from  S and  P arrival  times  and 
regional  mean  S/P  travel  time  ratios  were  within  9 km  of  the  pP  depths. 


UNCLASSIFIED- 


- - - 


1 


